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ABSTRACT
The Cu2O and CuO thin films were synthesized by using RF sputtering technique. Comparisons were made
with films created by deposition at room temperature followed by thermal annealing between 1000C and
4000C and using different gases, oxygen (O2) (oxidizing and reactive gas) and nitrogen (N2) (inert gas),
besides air. The thickness of the thin films were kept constant, around 2000 Å (Angstrom). In addition, the
RF power and pressure deposition were kept constant, as well. The thin films were evaluated for a range of
wavelengths between 200 nm and 400 nm (Ultra Violet spectrum), 400 nm and 700 nm (Visible spectrum),
700 nm and 800 nm (Infrared spectrum) for both, optical transmittance and photoluminescence. From the
experimental results, the higher annealing temperature and the introduction of nitrogen (N2) gas produced
the following results: the optical bandgap for the Cu2O was found to be 2.15 eV and photoluminescence
peak around 578 nm, which matched the theoretical analyses. Overall, there was a decrease in the optical
bandgap of the Cu2O from 2.58 eV at room temperature to 2.15 eV for the film annealed in nitrogen gas at
4000C. This indicates that the Cu2O is a potential candidate in solar cell applications. The CuO thin film
had a bandgap of 2.19 eV at room temperature, with the increase in annealing temperature, the bandgap
decreases as well. The presence of air in the chamber allowed for the highest decrease in comparison with
the N2 and O2. This was reflected in the decrease in the bandgap values from 2.19 eV to 2.04 eV for the
CuO films annealed at 4000C. The photoluminescence peak for the CuO in air annealed at 4000C was around
607 nm.
Both types of films were analyzed with respect to other optical characteristics, like absorbance,
reflectance, refractive index, extinction coefficient, optical conductivity, dielectric constants, as well as
material characteristics like x-ray diffraction.

iii

Dedicated to my father and my daughter.

iv

ACKNOWLEDGMENTS
I would like to thank Dr. Kalpathy Sundaram, my advisor, for his support, guidance and patience during
my PhD years at UCF. In addition, I would like to thank all of my dissertation committee members Dr.
Jiann-Shiun Yuan (CECS), Dr. Samuel Richie (CECS), Dr. Vikram Kapoor (CECS), and Dr. Shintson Wu
(CREOL) not only for agreeing to serve in my committee and providing important feedback, but also for
being my mentors and professors for some of my courses taken throughout my undergraduate and graduate
tracks. I would also like to thank Ashwin Kumar Saikumar for his support and assistance with my research.

v

TABLE OF CONTENTS
LIST OF FIGURES ................................................................................................................................... viii
LIST OF TABLES ...................................................................................................................................... xii
LIST OF ABBREVIATIONS .................................................................................................................... xiii
CHAPTER ONE: INTRODUCTION ........................................................................................................... 1
Overview ................................................................................................................................................... 1
Objective and Outline ............................................................................................................................... 1
CHAPTER TWO: LITERATURE REVIEW ............................................................................................... 3
CHAPTER THREE: METHODOLOGY ..................................................................................................... 8
Thin Film Deposition ................................................................................................................................ 8
Various Methods ................................................................................................................................... 8
RF Magnetron Sputtering...................................................................................................................... 9
Material Characterization........................................................................................................................ 11
Thickness ............................................................................................................................................ 11
Annealing ............................................................................................................................................ 11
X-Ray Diffraction ............................................................................................................................... 12
Optical Characterization ......................................................................................................................... 12
Transmittance ...................................................................................................................................... 12
Photoluminescence ............................................................................................................................. 13
Reflectance.......................................................................................................................................... 14
vi

Refractive Index and Extinction Coefficient....................................................................................... 14
Optical Conductivity and Absorbance ................................................................................................ 15
Dielectric Constants ............................................................................................................................ 16
CHAPTER FOUR: RESULTS AND DISCUSSION ................................................................................. 17
Optical Transmission .............................................................................................................................. 17
Energy Bandgap and Wavelength (Tauc Plot Method) .......................................................................... 28
Energy Bandgap and Wavelength (Photoluminescence) ........................................................................ 37
Reflectance.............................................................................................................................................. 48
Refractive Index and Extinction Coefficient .......................................................................................... 56
Optical Conductivity and Absorbance .................................................................................................... 65
Dielectric Constants ................................................................................................................................ 72
X-Ray Diffraction ................................................................................................................................... 80
CHAPTER FIVE: CONCLUSION ............................................................................................................. 82
Concluding Remarks............................................................................................................................... 82
Future Directions .................................................................................................................................... 83
LIST OF REFERENCES ............................................................................................................................ 84

vii

LIST OF FIGURES
Figure 1 Crystal Structures of Cu2O and CuO [6] ........................................................................................ 3
Figure 2 Energy Band Structure of Cu, CuO, and Cu2O [10] ....................................................................... 4
Figure 3 RF Sputtering Diagram ................................................................................................................. 11
Figure 4 PL Setup Diagram ........................................................................................................................ 14
Figure 5 Cu2O Thin Films........................................................................................................................... 17
Figure 6 Transmission Spectra of Cu2O Thin Films Annealed in Air [24]................................................. 18
Figure 7 Transmission Spectra of Cu2O Thin Films Annealed in O2 Reactive Gas [24]............................ 19
Figure 8 Transmission Spectra of Cu2O Thin Films Annealed in N2 Inert Gas [24] .................................. 20
Figure 9 Transmission Spectra of Cu2O Thin Films Annealed at 4000C [24] ............................................ 22
Figure 10 Room Temperature vs. 4000C (N2) Cu2O Transmission Spectra ............................................... 23
Figure 11 CuO Thin Films .......................................................................................................................... 24
Figure 12 Transmission Spectra of CuO Thin Films Annealed in Air........................................................ 24
Figure 13 Transmission Spectra of CuO Thin Films Annealed in O2 Reactive Gas................................... 25
Figure 14 Transmission Spectra of CuO Thin Films Annealed in N2 Inert Gas ......................................... 26
Figure 15 Room Temperature vs. 4000C (Air) CuO Transmission Spectra................................................ 28
Figure 16 Cu2O Thin Films Optical Bandgap (Room Temperature) .......................................................... 29
Figure 17 Cu2O Thin Films Optical Bandgap (Annealed at 1000C) ........................................................... 29
Figure 18 Cu2O Thin Films Optical Bandgap (Annealed at 2000C) ........................................................... 30
Figure 19 Cu2O Thin Films Optical Bandgap (Annealed at 3000C) ........................................................... 30
Figure 20 Cu2O Thin Films Optical Bandgap (Annealed at 4000C) ........................................................... 31
Figure 21 CuO Thin Films Optical Bandgap (Room Temperature) ........................................................... 34
Figure 22 CuO Thin Films Optical Bandgap (Annealed at 1000C) ............................................................ 34
Figure 23 CuO Thin Films Optical Bandgap (Annealed at 2000C) ............................................................ 35
viii

Figure 24 CuO Thin Films Optical Bandgap (Annealed at 3000C) ............................................................ 35
Figure 25 CuO Thin Films Optical Bandgap (Annealed at 4000C) ............................................................ 36
Figure 26 PL Spectra of Cu2O Thin Films (Room Temperature) ............................................................... 38
Figure 27 PL Spectra of Cu2O Thin Films (Annealed at 1000C) ................................................................ 38
Figure 28 PL Spectra of Cu2O Thin Films (Annealed at 2000C) ................................................................ 39
Figure 29 PL Spectra of Cu2O Thin Films (Annealed at 3000C) ................................................................ 39
Figure 30 PL Spectra of Cu2O Thin Films (Annealed at 4000C) ................................................................ 40
Figure 31 PL Spectra of CuO Thin Film (Room Temperature) .................................................................. 43
Figure 32 PL Spectra of CuO Thin Films (Annealed at 1000C) ................................................................. 43
Figure 33 PL Spectra of CuO Thin Films (Annealed at 2000C) ................................................................. 44
Figure 34 PL Spectra of CuO Thin Films (Annealed at 3000C) ................................................................. 45
Figure 35 PL Spectra of CuO Thin Films (Annealed at 4000C) ................................................................. 45
Figure 36 Reflectance for Cu2O at Room Temperature .............................................................................. 49
Figure 37 Reflectance for Cu2O Annealed at 1000C ................................................................................... 49
Figure 38 Reflectance for Cu2O Annealed at 2000C ................................................................................... 50
Figure 39 Reflectance for Cu2O Annealed at 3000C ................................................................................... 50
Figure 40 Reflectance for Cu2O Annealed at 4000C ................................................................................... 51
Figure 41 Reflectance for CuO at Room Temperature ............................................................................... 52
Figure 42 Reflectance for CuO Annealed at 1000C .................................................................................... 52
Figure 43 Reflectance for CuO Annealed at 2000C .................................................................................... 53
Figure 44 Reflectance for CuO Annealed at 3000C .................................................................................... 53
Figure 45 Reflectance for CuO Annealed at 4000C .................................................................................... 54
Figure 46 Room Temperature vs. 4000C (N2) Cu2O Reflectance ............................................................... 55
Figure 47 Room Temperature vs. 4000C (Air) CuO Reflectance ............................................................... 55

ix

Figure 48 Refractive Index and Extinction Coefficient for Cu2O at Room Temperature ........................... 57
Figure 49 Refractive Index and Extinction Coefficient for Cu2O Annealed at 1000C................................ 58
Figure 50 Refractive Index and Extinction Coefficient for Cu2O Annealed at 2000C................................ 58
Figure 51 Refractive Index and Extinction Coefficient for Cu2O Annealed at 3000C................................ 59
Figure 52 Refractive Index and Extinction Coefficient for Cu2O Annealed at 4000C................................ 60
Figure 53 Refractive Index and Extinction Coefficient for CuO at Room Temperature ............................ 61
Figure 54 Refractive Index and Extinction Coefficient for CuO Annealed at 1000C ................................. 61
Figure 55 Refractive Index and Extinction Coefficient for CuO Annealed at 2000C ................................. 62
Figure 56 Refractive Index and Extinction Coefficient for CuO Annealed at 3000C ................................. 63
Figure 57 Refractive Index and Extinction Coefficient for CuO Annealed at 4000C ................................. 64
Figure 58 Optical Conductivity and Absorbance for Cu2O at Room Temperature .................................... 66
Figure 59 Optical Conductivity and Absorbance for Cu2O Annealed at 1000C ......................................... 66
Figure 60 Optical Conductivity and Absorbance for Cu2O Annealed at 2000C ......................................... 67
Figure 61 Optical Conductivity and Absorbance for Cu2O Annealed at 3000C ......................................... 67
Figure 62 Optical Conductivity and Absorbance for Cu2O Annealed at 4000C ......................................... 68
Figure 63 Optical Conductivity and Absorbance for CuO at Room Temperature...................................... 69
Figure 64 Optical Conductivity and Absorbance for CuO Annealed at 1000C........................................... 69
Figure 65 Optical Conductivity and Absorbance for CuO Annealed at 2000C........................................... 70
Figure 66 Optical Conductivity and Absorbance for CuO Annealed at 3000C........................................... 70
Figure 67 Optical Conductivity and Absorbance for CuO Annealed at 4000C........................................... 71
Figure 68 Dielectric Constants (Real (εr) and Imaginary (εi)) for Cu2O at Room Temperature ................. 73
Figure 69 Dielectric Constants (Real (εr) and Imaginary (εi)) for Cu2O Annealed at 1000C ...................... 74
Figure 70 Dielectric Constants (Real (εr) and Imaginary (εi)) for Cu2O Annealed at 2000C ...................... 74
Figure 71 Dielectric Constants (Real (εr) and Imaginary (εi)) for Cu2O Annealed at 3000C ...................... 75

x

Figure 72 Dielectric Constants (Real (εr) and Imaginary (εi)) for Cu2O Annealed at 4000C ...................... 75
Figure 73 Dielectric Constants (Real (εr) and Imaginary (εi)) for CuO at Room Temperature .................. 76
Figure 74 Dielectric Constants (Real (εr) and Imaginary (εi)) for CuO Annealed at 1000C ....................... 77
Figure 75 Dielectric Constants (Real (εr) and Imaginary (εi)) for CuO Annealed at 2000C ....................... 77
Figure 76 Dielectric Constants (Real (εr) and Imaginary (εi)) for CuO Annealed at 3000C ....................... 78
Figure 77 Dielectric Constants (Real (εr) and Imaginary (εi)) for CuO Annealed at 4000C ....................... 78
Figure 78 XRD Pattern of Cu2O Films ....................................................................................................... 80
Figure 79 XRD Pattern of CuO Films ........................................................................................................ 81

xi

LIST OF TABLES
Table 1 Cu2O Thin Films Optical Transmission Results [24] .................................................................... 21
Table 2 CuO Thin Films Optical Transmission Results ............................................................................. 27
Table 3 Cu2O Thin Films Optical Bandgap Values (Tauc Plot Method).................................................... 32
Table 4 Cu2O Wavelength Peaks (Tauc Plot Method)................................................................................ 33
Table 5 CuO Thin Films Optical Bandgap Values (Tauc Plot Method) ..................................................... 36
Table 6 CuO Wavelength Peaks (Tauc Plot Method) ................................................................................. 37
Table 7 Cu2O Thin Films Wavelength Peaks (PL Method) ........................................................................ 40
Table 8 Cu2O Thin Films Optical Bandgap Values (PL Method) .............................................................. 42
Table 9 CuO Thin Films Wavelength Peaks (PL Method) ......................................................................... 46
Table 10 CuO Thin Films Optical Bandgap Values (PL Method).............................................................. 46
Table 11 Room Temperature vs. 4000C (N2) Cu2O Optical Bandgap and Wavelength Comparison ......... 47
Table 12 Room Temperature vs 4000C (Air) CuO Optical Bandgap and Wavelength Comparison .......... 48
Table 13 Reflectance for Cu2O Films ......................................................................................................... 56
Table 14 Reflectance for CuO Films .......................................................................................................... 56
Table 15 Refractive Index and Extinction Coefficient for Cu2O Films ...................................................... 65
Table 16 Refractive Index and Extinction Coefficient for CuO Films ....................................................... 65
Table 17 Absorbance and Optical Conductivity for Cu2O Films................................................................ 72
Table 18 Absorbance and Optical Conductivity for CuO Films ................................................................. 72
Table 19 Real and Imaginary Dielectric Constants for Cu2O Films ........................................................... 79
Table 20 Real and Imaginary Dielectric Constants for CuO Films ............................................................ 79

xii

LIST OF ABBREVIATIONS
CCD

Charge-coupled device

CVD

Chemical Vapor Deposition

DC

Direct Current

FWHM

Full Width Half Max

IR

Infrared

LP

Low Pass Filter

PL

Photoluminescence

PVD

Physical Vapor Deposition

RF

Radio Frequency

RT

Room temperature

SCCM

Standard cubic centimeter per minute

SILAR

Successive Ionic Layer Adsorption Reaction

SMA

SubMiniature Version A Connector

UPS

Ultraviolet Photoelectron Spectra

UV

Ultraviolet

VIS

Visible

XRD

X-Ray Diffraction

xiii

CHAPTER ONE: INTRODUCTION
Overview
Solar energy is becoming more popular and widespread, and consequently, the materials to manufacture
solar cells are becoming more limited and costly. Therefore, in order to keep solar energy affordable and
available, we must research alternative materials such as copper oxides. Cu2O and CuO were both
investigated in this study as a result of having different properties that could contribute to their effectiveness
in solar cell applications. CuO is more thermally stable, when compared to Cu2O, and this is due to having
a high oxidation number [1]. This is beneficial because one of the current issues with solar cells is that they
can overheat which in turn causes them to conduct less; utilizing a more thermally stable element can help
to circumvent this issue. On the other hand, Cu2O has relatively higher hole transport properties when
compared to CuO [2]. This is beneficial because it becomes easier to induce electron flow, which means
better efficiency. Therefore, both of these metal oxides show promising qualities and deserve equal
investigation to understand which of them could be the future of solar cells.

Objective and Outline
The focus of this work was to study the characteristics of both Cu 2O and CuO thin films in order to
investigate how to improve their properties to make them feasible for photovoltaic applications.
Chapter 2 provides the background on the copper oxides such as their structures and properties which
pertain to the understanding of the results later in this paper. Additionally, an explanation of what attributes
qualify a material to be effective in solar cell applications is provided.
Chapter 3 includes the experimental details regarding the various methods used for deposition of thin films,
including the one used specifically in this study – RF sputtering. An adequate explanation of several optical
characterization methods and how they can be applied is also presented.
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Chapter 4 forms the heart of this dissertation, evaluating the results and discussion of the research
performed. Both of the thin films, Cu2O and CuO, are analyzed based on their optical transmission, energy
bandgap, wavelength, reflectance and optical conductivity to name a few. In addition, bandgap and
wavelength are calculated through both the Tauc plot method and photoluminescence, and then compared.
The two thin film types are also compared to one another to understand which of their properties are better
fitted to solar cell applications.
Chapter 5 summarizes the research study and provides the concluding remarks based on the findings in
chapter 4. Future directions are also discussed to suggest different avenues that this work can be taken to
contribute to other studies and explore this material further.
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CHAPTER TWO: LITERATURE REVIEW
The current materials used to manufacture photovoltaics are becoming scarce, and as a result, expensive. A
solution will be to investigate other materials that might qualify to fill the gap and be used as replacements.
The metal oxides are one of these materials that are readily available and currently have a low cost of
manufacturing [3]. The most popular forms of copper oxides include the following: cupric oxide (CuO tenorite in the mineral form), cuprous oxide (Cu2O), and Cu4O3 (paramelaconite in the mineral form) [4].
The paramelaconite is a meta-stable copper oxide, which is an intermediate compound between CuO and
Cu2O. The stable forms are the copper oxide or cupric oxide (CuO) and the cuprous oxide (Cu 2O). Both
show promising qualities due to their electrical and optical properties [5].
The cupric oxide (CuO) with a copper (II) oxidation state is a dark brown/black color.
2𝐶𝑢 + 𝑂2 → 2𝐶𝑢𝑂
The cuprous oxide (Cu2O) with a copper (I) oxidation state is a yellow/red color [4].
4𝐶𝑢 + 𝑂2 → 2𝐶𝑢2 𝑂

Figure 1 Crystal Structures of Cu2O and CuO [6]
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In the presence of moist air, the cuprous oxide will change into copper oxide. The cupric oxide (CuO) has
a smaller bandgap than cuprous oxide (Cu2O) and as a result is potentially superior in photon-detection and
optical switching applications that are used in combination with visible and near-infrared spectrums [7].
The cuprous oxide (Cu2O) has a cubic structure and a bandgap between 2.0 eV and 2.6 eV [8]. The copper
oxide (CuO) has a monoclinic (a group of crystalline solids whose crystals have three axes of unequal
length, with two being perpendicular to one another) structure with a bandgap between 1.3 eV and 2.2 eV
[8]. The bandgap is one of the most significant optical properties because it determines which photons can
be absorbed by the material in question, in other words, any photon that has an energy higher than the
bandgap will be absorbed [9].

Figure 2 Energy Band Structure of Cu, CuO, and Cu2O [10]
The above diagram shows the band structures for the following compounds: Cu, CuO, and Cu2O. There is
also an ultraviolet photoelectron spectra (UPS) shown for the latter two compounds. The band structure for
CuO shows a broad band below the Fermi energy (EF) level, from 0 eV to 7 eV, and this band is a result
from the 3d and O2p electrons shown by UPS [10]. In addition, CuO has oscillators at 4.5 eV and 9.3 eV
below the EF, and oscillators at 13.7 eV and 17.6 eV above the EF [10]. The band structure for Cu2O shows
peaks at 3 eV and 6 eV via UPS, and has oscillators at 6.2 eV and 14 eV, from below to above the E F
respectively, and there is another oscillator at 10.9 eV corresponding to the excitation of electrons [10]. The
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Fermi energy (EF) level mentioned previously refers to the maximum energy that an electron can have when
measured at absolute zero temperature.
In theory, a material qualifies for solar applications if it has a good absorption of the solar radiation (α = 1)
in the visible (400 nm to 700 nm) and near infrared spectrum (700 nm to 2000 nm), and no emission (ε =
0) in the infrared region (2000 nm to 20,000 nm) [8]. The optical bandgap should be between 1.0 eV and
1.8 eV, with high electrical conductivity [8]. In addition, the raw material should be available in abundance
and it should have a low-cost.
In general, metal-oxide semiconductors are very popular materials in numerous applications such as solar
cells [11]. Cuprous oxide (Cu2O) is a p-type semiconductor that has a high absorption coefficient and a low
optical bandgap [12]. The intrinsic cuprous oxide (Cu2O) is present in abundance and has both low toxicity
and cost [13]. These characteristics make the cuprous oxide a potential candidate for the manufacturing of
low-cost, all-oxide solar cells. The optical properties of this material, like the bandgap and
photoluminescence, are dependent on the method of film preparation and deposition [14]. Cu2O thin films
can be synthesized by using a combination of either physical or chemical methods. The most popular
examples are thermal oxidation, RF sputtering, DC sputtering, pulsed laser deposition, chemical vapor
deposition, and electrochemical deposition [15]. In this study, the effects of the variation of the annealing
temperatures and introduction of the different gases were investigated.
Cu2O is the known copper oxide structure that has Cu1+ ionization and formed in a cuprite structure with a
lattice parameter of a = 4.268 Å (Angstrom), with a space group of cubic geometry and octahedral Pn-3m
symmetry. When the thin film is annealed, it causes the changes in the crystal structure’s ionic pattern and
its bonding properties [16].
The defect concentration in the cuprous oxide (Cu2O) thin films can be reduced through several processes.
A few examples are annealing or growth in a controlled environment, passivation using a cyanide treatment,
5

or hydrogen diffusion [17]. Raj Kumar et al. [17] chose to introduce hydrogen ions during deposition
(passivation of materials surface by hydrogen) and annealing (post deposition) of the Cu 2O thin film in
hydrogen ambient atmosphere at different temperatures (1000C through 6000C). The deposition method
was DC magnetron sputtering at 4000C temperature and hydrogen ion was at 9000C [17]. The results
obtained for the optical bandgap of the Cu2O film varied between 2.45 eV to 2.55 eV [17]. In our case, the
method chosen for improving the quality of the Cu2O thin films was annealing at different temperatures
post deposition.
The Cu2O forms in a unique cubic crystal structure where Cu+ ions occupy one-half of the tetrahedral sites
of a body-centered cubic packing of O2- ions. The Cu2O particles tend to have a morphology exposing
{100}, {111}, and {110} crystal facets. The intrinsic p-type conduction of Cu2O is believed to originate
from copper vacancies acting as a shallow acceptor level located 0.2 to 0.3 eV above the valence band
maximum. Due to earth-abundant constituent elements, low cost and toxicity, the Cu2O can be used in
various applications like solar cells, photo-catalysts, and as a thermoelectric material (direct conversion of
waste heat into electricity) [18].
For practical applications of Cu2O, it is important to consider the stress in the films caused by the substrate.
This will affect the electrical and optical properties of the film. A compressive or tensile stress in a film is
developed due to the mismatch of the lattice constant or the thermal expansion coefficient between the film
and the substrate [17]. If glass is used as a substrate, the first mechanism is negligible because it is
amorphous. The films are not epitaxially grown on the substrate. The thermal expansion coefficient of Cu2O
(αf = 1.6 x 10-6 K-1) is much smaller than that of the glass substrate (αs = 8 x 10-6 K-1) [17]. Thus, Cu2O
films deposited on the glass substrate at an elevated temperature are subjective to a compressive stress. In
our case, the thin film deposition occurs at room temperature, hence the impact of the compression stress
is negligible.
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Copper oxide (CuO) is potentially a good candidate for solar cell applications due to high electron mobility
and high optical absorptivity in the visible spectrum [3]. It also has a high conductivity and a low electrical
resistivity. However, the electrical and optical properties are highly dependent on the conditions the CuO
was manufactured in [19], hence, one of the reasons for this study looking at difference mediums and
annealing temperatures to achieve the most optimal properties necessary for solar cell applications. The
copper oxides are p-type semiconductors and are usually coupled with n-type semiconductors like zinc
oxide (ZnO), silicon (Si), and cadmium sulfide (CdS) [7]. ZnO specifically would work well with CuO as
a result of their suitable band alignment; in addition, similar to CuO, ZnO is very abundant, low cost and
easily synthesized [3]. The high conduction of the p-type copper oxide is attributed mainly to the negatively
charged copper (Cu) vacancies [8]. Application wise, besides solar cells, copper oxide is utilized in lithium
ion batteries, photo catalysts, and photoelectron-chemical cells [20]. As mentioned previously, a CuO/ZnO
p-n heterojunction solar cell would be promising due to their properties both individually and together.
They exhibit a turn-on voltage which indicates the lowest voltage needed in order to create an electrical
conducting path between the two semiconductors, both p-type (CuO) and n-type (ZnO) [21]. Having this
feature specifically, with a low turn-on voltage, means for minimum power loss which indicates the
efficiency of this pair for solar cell applications [21] and can be a promising future study.
Sputtering is an inexpensive method of creating copper oxide thin films. Radio frequency [RF] sputtering
was specifically used in this study to generate both the Cu2O and CuO thin films. In addition, other
characteristics of this method are the high deposition rate, dense layer formation, good surface flatness, and
low substrate temperature [22]. More details about this thin film deposition technique are provided in the
next section under methodology.
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CHAPTER THREE: METHODOLOGY
Thin Film Deposition
Various Methods
Currently there are a few different methods to produce copper oxide thin films like reactive sputtering,
anodizing, chemical vapor deposition, and thermal oxidization [20].
Sputtering in general refers to the blasting of ions onto surface atoms as a transfer method of the electrode
material, and as a result of sputtering, there is a vapor of this electrode material produced which is why this
is a popular method for thin film deposition [23]. Reactive sputtering completes this process in the presence
of reactive gases. Some pros of this method, especially when paired with a metal cathode, include a “high
rate, controlled deposition” as a result [23]. However, some cons of reactive sputtering include the chance
that chemical reactions can take place with the reactive gases and this could result in the formation of a thin
film on the cathode as well or even on the anode, which is usually the chamber walls, and both of these
affect the overall process resulting in a poorer film quality [23]. Another con is, depending on what material
the target is composed of, there is a chance of the target shattering or cracking from the pressure of reactive
sputtering due to the target having poor stability [23].
Anodizing is another method for creating thin oxide films especially and does so by releasing a DC
discharge in the presence of both an oxygen atmosphere and the substrate being utilized; the reaction occurs
as a result of both negative oxygen ions and electrons blasting the surface [23]. The main pro of this method
is the production of “very dense, defect-free, amorphous oxide films” [23]. However, the con of this method
for our research study in particular is that anodizing works better with valve metals which does not include
copper.
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Chemical vapor deposition (CVD), a multidirectional type of deposition, is the process of utilizing a
material in the vapor phase which then reacts with the substrate to form a product in the solid phase and
there are many sub-types of this method [23]. It is considered a heterogenous reaction which means the
reaction occurs at the substrate level rather than in a gas phase – if it was, this would contaminate the sample
[23]. CVD changes the optical, electrical, and mechanical properties of the material. The main pro of this
method is that it is incredibly versatile in the sense that it can be utilized to form both simple or complex
compounds, and it can be done at low temperatures as well [23]. However, the con of this method is that it
works best for gases – any liquids or solids used (such as copper) would need to be vaporized first in order
to be utilized via CVD, and this in turn makes the process much more difficult [23].
Thermal oxidation, similar to CVD, utilizes a gas phase where the substrate provides the source of the oxide
and results in “very high purity oxide films,” a pro of this technique [23]. It is considered one of the simplest
ways to create a metal oxide nanostructure. However, this method works best with silicon and requires
much higher temperatures ranging from 7000C – 12000C in the presence of steam usually [23]. These would
not be good conditions for copper which makes this a con for this study specifically.

RF Magnetron Sputtering
In this research, thin films of Cu2O and CuO were deposited on glass slides that were thoroughly cleaned
using acetone, methanol, and de-ionized water. The Cu2O films were deposited from a 2-inch powder
pressed target with a purity of 99.5% using RF magnetron sputtering technique. The CuO films were
deposited from a 2-inch powder pressed target with a purity of 99.9% using RF magnetron sputtering
technique. The sputter depositions were done in an in-house built RF sputtering system after a constant base
pressure of 4 x 10-5 Torr was achieved between each deposition. Cu2O and CuO films with constant
thickness of 2000 Å (Angstrom) were deposited at room temperature using Ar (argon) as the only sputtering
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gas. The RF power, argon flow and chamber pressure were kept constant for all depositions at 10 SCCM
(standard cubic centimeter per minute), 10 mTorr and 50W respectively [24].
RF magnetron sputtering is a type of PVD, or physical vapor deposition (which is a line-of-site
impingement deposition type), which sputters material from the target onto the substrate, see Figure 3
below. PVD is a vacuum coating process which coats a substrate by bringing the material from the
condensed phase to a vapor phase and then to a solid phase onto the thin film – this allows for better bonding
strength. The RF sputtering method utilizes a magnetic field in order to increase the plasma density which
in turn increases the sputtering rate and is why it is able to occur at a low pressure [25]. In addition, there
is also an electric field present from the radio frequency (RF) source and this interacts with the magnetic
field and causes electrons to spiral near the target so they are more likely to interact with the argon gas
which helps more ions to collide with the substrate to evenly coat it [25]. Some benefits of using this RF
sputtering system include the following: (1) the film constitutes the same composition as the original
material (i.e. high purity), (2) this method can be performed on targets that are not electrically conductive,
and (3) large quantities can be created with high purity at a low cost, or as Shi (2018) puts it, this method
results in “high speed, low temperature, and low damage” [25]. In addition, the deposition rate is quick and
is easily automated, and it results in thin films that have high adhesion and both excellent coverage and
uniformity. All of these benefits make this deposition technique a valuable method for this research study,
especially for the formation of thin films for solar cell applications.
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Figure 3 RF Sputtering Diagram

Material Characterization
Thickness
In order to measure the thickness of optical thin films, most profilometers are using either an optical
profilometer like Zygo or a stylus type like Dektak. The process begins by creating a physical step in the
thin film and the quality (sharpness) of this step will affect the measurement results.
The film thicknesses were identified using a Dektak 150 profilometer and all the films’ measurements were
found to be at 2000 Å.

Annealing
An important technique used to enhance the properties of optical thin films is post annealing upon
fabrication. In addition, the introduction of different gases (in the annealing chamber) helps the
modifications of the optical thin film properties. Few of these film properties that can be improved are the
surface roughness, the formation of specific structural phases, trigger diffusion processes, crystallinity,
grain size, and modify transmission/absorption regions or percentages.
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Three sets of Cu2O films and three sets of CuO films were made by systematically annealing for thirty
minutes in an isotemp programmable muffle furnace at temperatures of 1000C to 4000C in the presence of
oxygen (O2), nitrogen (N2) and air respectively. The gas flow into the annealing furnace was kept constant
at 100 SCCM (standard cubic centimeter per minute) [24].

X-Ray Diffraction
X-ray diffraction (XRD) is a technique that allows for the visualization of the crystalline structure of a
material, as well as its composition and physical properties as well, all without damaging the sample [26].
It does so by measuring the average spacing between the layers of atoms in the material which in turn allows
for the determination of both shape and size of the crystals. In addition, it utilizes the principle of Bragg’s
law, looking at the scattering angle which is inversely proportional to the distance between planes and it
also takes into consideration the diffraction peak and x-ray wavelength [26]. As a result of x-rays being a
type of light, this means that it scatters when it interacts with the material and this in turn leads to
constructive interference which shows the different intensities in the target material, which is then used to
determine its structure. The pattern of diffraction can be seen as a chemical fingerprint which can help to
identify structures. In this study, a Panalytical XRD system was utilized.

Optical Characterization
Transmittance
A spectrophotometer illuminates a sample via a light source which then passes through the sample and the
output transmission is then measured at each wavelength. The optical transmissions of the deposited Cu2O
and CuO thin films were measured in a Carry 100 UV-Vis spectrophotometer from Agilent Technologies.
The optical transmission was measured between 200 to 800 nm, however, due to UV absorption only 400
to 800 nm results were analyzed. The optical bandgaps of the Cu2O and CuO films were identified from
the transmission data using the Tauc plot method [24].
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Photoluminescence
Photoluminescence (PL) spectroscopy is used to obtain the electronic structure of a sample and does so
without touching or destroying the sample. It utilizes a light source which is then targeted at the sample
which absorbs the energy (exciting the electrons to a higher energy state) and disperses any excess energy
via the emission of light (electron returning to a lower energy state) which is then measured. PL is
considered an optical phenomenon as such that semiconductors will give light emissions by absorbing the
incident light which will have an energy higher than the semiconductor’s bandgap.
The photoluminescence measurements were recorded using a Flame spectrometer from Ocean Insight
(formerly known as Ocean Optics) with a wavelength range from 200 nm to 850 nm. The optical resolution
of the spectrometer was 1.33 nm at full width half max (FWHM). The detector was a linear silicon CCD
array with 2048 pixels and an entrance slit of 25 µm. The software used in association with the spectrometer
was the Ocean View from the same company (Ocean Insight). The excitation source was a ThorLabs UV
laser diode (L375P70MLD at 375 nm). A 1000 µm fiber optic patch cable (SMA to SMA) from ThorLabs
with a numerical aperture of 0.50 completed the setup. Due to the power of the laser, a set of neutral density
filters were used as well in order to protect the optical detector. The laser source reflection, from the sample,
was removed using an Optometrics LP filter at 400 nm [24]. The PL measurement diagram setup is shown
in the figure below:
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Figure 4 PL Setup Diagram

Reflectance
One of the optical properties of an intrinsic thin film is the reflectance (R) which represents the portion of
the incident light falling upon the surface and returning towards the light source. Due to its dependence on
the energy band gap of the material, the reflection regions are different for the conductors, semiconductors,
and insulators. In addition, the refractive index of the material plays an important role. There is a
relationship between the reflectance and the index of refraction, color and transparency of the optical thin
films. Either depending on the thin film application, the reflectance needs to be controlled to be increased
(i.e. reflective thin films for mirrors) or decreased (i.e. thin films anti-reflective coatings). For the solar cell
application, the reflectance should be kept below 20% [27]. For the purpose of this work, the reflectance
was determined from the optical transmittance measured with a Carry 100 UV-Vis spectrophotometer.

Refractive Index and Extinction Coefficient
Refraction defines the change of propagation direction of a light signal inside a transparent optical medium
as a function of the index of refraction. The index of refraction can be defined as a decrease in the phase
velocity in comparison with the velocity of light in vacuum for a perfectly transparent optical medium with
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no losses. In addition, due to its dependency on the wavelength of the light the refractive index can be
determined from the ratio of the vacuum wavelength divided by the wavelength inside the medium [28].
Because the actual materials are absorbing a portion of the light signal, another form of the index of
refraction is required – the complex refractive index. The complex refractive index (n) has two terms: the
real term (phase velocity) and the imaginary term (provides additional information regarding the optical
gain or propagation losses caused by absorption) [29]:
n = 𝑛 + 𝑖𝑘

(1)

where n = the complex refractive index, n = the refractive index, and k = extinction coefficient
In the optical tables, the typical refractive indexes for the common materials (i.e. air 1.0003, water 1.333)
are measured using a wavelength of 589 nm [30].
Both components of the complex refractive index were determined using the reflectance, absorption
coefficient, and the source wavelength values.

Optical Conductivity and Absorbance
Optical conductivity varies linearly with the complex refractive index; more precisely, it is dependent on
the values of the refractive index (n) and the extinction coefficient (k). The light has a dual nature, behaving
as a wave and as a particle at the same time. Optical conductivity can be attributed to the particle behavior
of light, which is represented by photons. The optical conductivity is determined and expressed over a range
of high (THz) frequencies, due to light [31]. The optical conductivity was determined using the values of
the refractive index (n) and the extinction coefficient (k).
Absorbance is determined by taking the logarithm with base ten of the inverse of the transmittance of the
optical signal inside the medium. It is usually expressed in percentages or just as decimal values. The
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absorption coefficient is defined as the absorption per unit length, in our case the thickness of the optical
film. For this work, both values were determined using the measured transmittance of the thin films.

Dielectric Constants
The dielectric function has a complex form consisting of the real and imaginary components, which
provides information regarding the propagation of light inside the material. For both types of films (Cu 2O
and CuO) the dielectric constants – the real (εr) and imaginary (εi) components were determined using the
index of refraction and the extinction coefficient. The real part of the dielectric constant provides
information regarding the dispersion of the signal inside the material, indicating how the speed of light is
slowing down. The imaginary part of the dielectric constant provides information regarding the dissipative
rate of the signal inside the material and it has a direct relationship with optical conductivity [32].

16

CHAPTER FOUR: RESULTS AND DISCUSSION
Optical Transmission
The Cu2O thin films had different levels of transparency as a function of annealing temperature (room
temperature (RT) – semi-transparent to high temperature (4000C) - close to opaque). The thin films had an
overall strong absorption in the UV region (between 200 nm and 400 nm). The optical transmission
spectrums for the Cu2O thin films annealed in different mediums (air, oxygen, and nitrogen) are shown in
the figures below [24].

Figure 5 Cu2O Thin Films
The transmission spectrum for the first series of Cu2O thin films (room temperature and annealed in air) is
shown in the below figure [24].
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Figure 6 Transmission Spectra of Cu2O Thin Films Annealed in Air [24]
The transmission varied as a function of the annealing temperature (room temperature (RT) – maximum
transmission of 74.16% at 800 nm to high temperature (4000C) - maximum transmission of 53.84% at 800
nm). A similar behavior, the decrease in optical transmission as a function of annealing temperature
increase, was observed at the optical bandgap (480 nm). At room temperature (RT) – maximum
transmission of 20.72% to high temperature (4000C) – maximum transmission of 2.59% [24].
Note: The values for the actual percentages for the optical transmission with respect of the wavelength were
obtained from the data provided by the Carry software [24].
The transmission for the thin film deposit at room temperature and the film annealed in air at 1000C is very
similar with a slight decrease between 500 nm and 600 nm for the annealed film. This can be associated
with the temperature impact on the structure of the film [24].
The transmission spectrum for the second series of Cu2O thin films (room temperature and annealed in
oxygen (O2)) is shown in the below figure [24].
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Figure 7 Transmission Spectra of Cu2O Thin Films Annealed in O2 Reactive Gas [24]
The transmission varied as a function of the deposition temperature (room temperature (RT) – maximum
transmission of 74.16% at 800 nm to high temperature (4000C) - maximum transmission of 55.07% at 800
nm). A similar behavior, the decrease in optical transmission as a function of deposition temperature
increase, was observed at the optical bandgap (480 nm). At room temperature (RT) – maximum
transmission of 20.72% to high temperature (4000C) – maximum transmission of 2.62%. The transmission
for the film annealed in oxygen was slightly increased, in comparison with the film deposited at room
temperature, between 520 nm to 670 nm. For this portion of the visible spectrum, the presence of oxygen
in the annealed chamber, allows for the change in the structure of the film making it more transparent, hence
the somewhat higher transmission percentage [24].
The transmission spectrum for the third series of Cu2O thin films (room temperature and annealed in
nitrogen (N2)) is shown in the below figure [24].
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Figure 8 Transmission Spectra of Cu2O Thin Films Annealed in N2 Inert Gas [24]
The transmission varied as a function of the deposition temperature (room temperature (RT) – maximum
transmission of 74.16% at 800 nm to high temperature (4000C) - maximum transmission of 50.07% at 800
nm). A similar behavior, the decrease in optical transmission as a function of deposition temperature
increase, was observed at the optical bandgap (480 nm). At room temperature (RT) – maximum
transmission of 20.72% to high temperature (4000C) – maximum transmission of 2.28%. The transmission
for the air deposited film at room temperature was slightly higher, in comparison to the film annealed at
1000C in nitrogen, between 470 nm and 560 nm (visible spectrum), and lower between 700 nm and 800 nm
(infrared spectrum). This shows the impact of nitrogen on the thin film at the longer wavelengths. The
decrease in the transmission is directly proportional with the increase in absorption [24].
The results obtained for the optical transmission at different temperatures are tabulated in Table 1 [24]:
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Table 1 Cu2O Thin Films Optical Transmission Results [24]
Cu2O Thin Films Transmission
Annealing
Medium
Air
O2
N2
Air
O2
N2

Wavelength

RT
(no
annealing)

800 nm
(IR)

74.16%

480 nm
(VIS)

20.72%

1000 C

2000 C

3000 C

4000 C

73.99%
73.70%
70.84%
19.62%
20.62%
19.29%

64.25%
65.48%
62.69%
9.81%
11.26%
9.83%

52.88%
62.35%
59.51%
3.96%
6.07%
5.65%

53.84%
55.07%
50.07%
2.59%
2.62%
2.28%

Overall, the results indicated a decrease in optical transmission as a function of increasing the annealing
temperatures. Furthermore, the change of the medium in the annealing chamber affected the optical
transmission. Air as an annealing medium had the minimum impact on the thin film with the lower results
observed for the thin films annealed in the nitrogen gas at 4000C (2.28% at 480 nm).
Ozaslan et al. [16] deposited Cu2O on a glass substrate at 700C by the SILAR (Successive Ionic Layer
Adsorption Reaction) method. After the deposition, the thin films were annealed in air at different
temperatures between 1000C and 5000C. The thickness of the film was determined by calculations using
the gravimetric weighting method and found to be 488 nm. The researchers found that the optical
transmission value of copper oxide thin film to be 37% (at 550 nm – center of visible spectrum), the
percentage dropped to 33% for the film annealed at 1000C, and dropped even further to 23% for the
annealing temperature of 3000C.
The same behavior was detected from the thin films created for this paper. From the three series of films
deposited, it was observed that the increase in annealing temperature created a more opaque film that
minimized the optical transmission. In the figure below, the graph shows the comparison between the
transmissions in the three Cu2O thin films annealed at 4000 C.
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Figure 9 Transmission Spectra of Cu2O Thin Films Annealed at 4000C [24]
The transmission was minimum between 350 nm and 383 nm (UV spectrum) and less than 10% up to 480
nm (VIS spectrum). Overall, the lowest transmission (highest absorption) was observed in the last series of
films at the highest annealing temperature (4000C) in the presence of nitrogen (N2) gas.
Due to the impact of nitrogen (N2) gas the comparison between the room temperature (RT) and 4000C
transmission was made and results were displayed in the graph below.

22

Figure 10 Room Temperature vs. 4000C (N2) Cu2O Transmission Spectra
The transmission decreased severely between the two environments with the latest allowing a maximum
transmission of 50%.
The CuO thin films had different levels of transparency as a function of annealing temperature (room
temperature (RT) – semi-transparent to high temperature (4000C) - close to opaque). The thin films had an
overall strong absorption in the UV region (between 200 nm and 400 nm). The optical transmission
spectrums for the CuO thin films annealed in different mediums (air, oxygen, and nitrogen) are shown in
the figures below.
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Figure 11 CuO Thin Films
The transmission spectrum for the first series of CuO thin films (room temperature and annealed in air) is
shown in the below figure.

Figure 12 Transmission Spectra of CuO Thin Films Annealed in Air
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The transmission varied as a function of the annealing temperature (room temperature (RT) – maximum
transmission of 82.51% at 800 nm to high temperature (4000C) - maximum transmission of 69.65% at 800
nm). A similar behavior, the decrease in optical transmission as a function of annealing temperature
increase, was observed at the optical bandgap (566 nm). The maximum optical transmission at room
temperature (RT) was 34.30% and decreased to 22.14% for the films annealed at a higher temperature
(4000C). There is an inversely proportional relationship between the annealing temperature and the optical
transmission.
The transmission spectrum for the second series of CuO thin films (room temperature and annealed in
oxygen (O2)) is shown in the below figure.

Figure 13 Transmission Spectra of CuO Thin Films Annealed in O2 Reactive Gas
The transmission varied as a function of the deposition temperature (room temperature (RT) – maximum
transmission of 82.51% at 800 nm to high temperature (4000C) - maximum transmission of 71.69% at 800
nm). A similar behavior, the decrease in optical transmission as a function of deposition temperature
increase, was observed at the optical bandgap (566 nm). The maximum optical transmission at room
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temperature (RT) was 34.30% and decreased to 24.57% for the films annealed at a higher temperature
(4000C). There is an inversely proportional relationship between the annealing temperature and the optical
transmission.
The transmission spectrum for the third series of CuO thin films (room temperature and annealed in nitrogen
(N2)) is shown in the below figure.

Figure 14 Transmission Spectra of CuO Thin Films Annealed in N2 Inert Gas
The transmission varied as a function of the deposition temperature (room temperature (RT) – maximum
transmission of 82.51% at 800 nm to high temperature (4000C) - maximum transmission of 71.57% at 800
nm). A similar behavior, the decrease in optical transmission as a function of deposition temperature
increase, was observed at the optical bandgap (566 nm). The maximum optical transmission at room
temperature (RT) was 34.30% and decreased to 24.95% for the films annealed at a higher temperature
(4000C). There is an inversely proportional relationship between the annealing temperature and the optical
transmission.
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Overall, there was a common trend among Figures 12 through 14: as the annealing temperature increased,
the optical transmission decreased, and this was observed at the optical bandgap (566 nm) especially.
Therefore, the conclusion is that the transmission varies as a function of annealing temperature, and the
above results show evidence of an inversely proportional relationship between these two variables.
Results obtained for the optical transmission at different temperatures are tabulated in Table 2:
Table 2 CuO Thin Films Optical Transmission Results

Annealing
Medium

CuO Thin Films Transmission
Wavelength

RT (no
annealing)

1000 C

2000 C

3000 C

4000 C

75.01%

74.27%

69.83%

69.65%

77.26%

80.38%

68.85%

71.69%

78.10%
31.18%

76.72%
29.27%

71.04%
25.73%

71.57%
22.14%

34.18%

33.62%

26.94%

24.57%

35.71%

31.06%

24.51%

24.95%

Air
O2

800 nm
(IR)

82.51%

N2
Air
O2

566 nm
(VIS)

34.30%

N2

Due to the impact of air the comparison between the room temperature (RT) and 400 0C transmission was
made and results were displayed in the graph below.
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Figure 15 Room Temperature vs. 4000C (Air) CuO Transmission Spectra
The transmission at the higher wavelength was decreased, however the impact was less than the Cu2O films,
with a decrease to 69% for the higher temperature annealed films.

Energy Bandgap and Wavelength (Tauc Plot Method)
The absorption coefficient of the thin film was determined using the following formula (Eq. 2) [24, 33]:
𝛼𝜆 =

−ln(𝑇)
𝑡

(2)

where αλ = absorption coefficient, T = optical transmission, and t = thickness of the film.
The absorption coefficient was used to calculate the optical bandgap in the Tauc plot. The Tauc plot was
graphed by fitting the data into this equation (Eq. 3) [24, 34]:
(𝛼𝜆 ∙ ℎ𝜈)2 = 𝐵(ℎ𝜈 − 𝐸𝑔 )
where hν = photon energy, B = constant factor, and Eg = optical bandgap.
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(3)

The Tauc plot for the absorption coefficient for Cu2O is shown in the figures below from room temperature
to 4000C:

Figure 16 Cu2O Thin Films Optical Bandgap (Room Temperature)

Figure 17 Cu2O Thin Films Optical Bandgap (Annealed at 1000C)
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Figure 18 Cu2O Thin Films Optical Bandgap (Annealed at 2000C)

Figure 19 Cu2O Thin Films Optical Bandgap (Annealed at 3000C)
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Figure 20 Cu2O Thin Films Optical Bandgap (Annealed at 4000C)
The optical bandgap is extracted by extrapolating the linear region of the Tauc curve to the x-axis. The xintercept provides the value of the optical bandgap for the Cu2O thin films. The curve for the film deposited
in oxygen (O2) almost overlaps the film deposited in air and as a result, no significant difference was
observed in the optical bandgap, 2.22 eV versus 2.21 eV. The bandgap for the film annealed in nitrogen
(N2) was 2.17 eV. The optical bandgap for the Cu2O thin film varied between 2.58 eV (at room temperature)
to 2.17 eV (at 4000C). The bandgap values in Table 3 are in agreement with the theoretical and experimental
values found in the literature, 2.23 eV bandgap [28], 2.10 – 2.30 eV [24, 35]. For the films annealed at
4000C, the curve for the film deposited in oxygen (O2) almost overlaps the film deposited in air and as a
result, no significant difference was observed in the optical bandgap. The bandgap for the film annealed in
nitrogen (N2) was 2.17 eV. The increase in the annealing temperature affected the properties of the Cu2O
thin films and one of their effects was a decrease in the optical bandgap. If the annealing temperature is
increased even higher than 4000C, an even lower bandgap for the Cu2O thin films can be achieved. From
the literature, the bandgap for the Cu2O thin films can be reduced from 2.57 eV (at 700C) to 1.91 eV (at
5000C) with the increase in temperature. Rearranging the bandgap energy formula, the associated
wavelengths were calculated: 480 nm (RT) and 571 nm (N2, 4000C).
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Table 3 Cu2O Thin Films Optical Bandgap Values (Tauc Plot Method)
Cu2O Thin Films
Optical Bandgap (Tauc)
Temperature
Air
O2
N2
Room Temperature
2.58 eV
0
100 C
2.53 eV 2.55 eV
2.54 eV
2000 C

2.47 eV

2.53 eV

2.48 eV

0

2.26 eV

2.29 eV

2.28 eV

0

2.21 eV

2.22 eV

2.17 eV

300 C
400 C

Sai Guru Srinivasan et al. [13] deposited Cu2O thin films on a glass substrate by RF reactive (controlled
argon and oxygen atmosphere) sputtering at room temperature with various deposition times (1, 3, and 5
minutes) which corresponded to the following thicknesses: 112, 304, and 498 nm. The optical bandgaps for
the three Cu2O thin films were 2.54, 2.41, and 2.12 eV. The results show a decrease in the optical bandgap
with the increase in the film thickness. The conclusion was that the particle size and lattice defects have a
direct influence on the optical bandgap value. The growth in the grain size was observed as a function of
high surface to volume ratio of the film with lower thickness. In addition, lattice defects were observed due
to oxygen vacancy [13, 24].
The increase in the annealing temperature affected the properties of the Cu 2O thin films and one of their
effects was a decrease in the optical bandgap. If the annealing temperature is increased even higher than
4000C, an even lower bandgap for the Cu2O thin films can be achieved. Ozaslan et al. [16] found that the
bandgap for the Cu2O thin films was reduced from 2.57 eV (at 700C) to 1.91 eV (at 5000C) with the increase
in temperature [24].
Rearranging the energy bandgap from equation (3) will allow for the calculation of the wavelength from
the bandgap energy determined using the Tauc plot method:
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𝑐

𝐸𝑏𝑎𝑛𝑑𝑔𝑎𝑝 = ℎ ∙ 𝜈 = ℎ ∙ 𝜆 → 𝜆 = ℎ ∙ 𝐸

𝑐

(4)

𝑏𝑎𝑛𝑑𝑔𝑎𝑝

where h = Planck’s constant = 4.135x10-15 eV∙s, c = speed of light in vacuum = 3x108 m/s, and λ =
wavelength.
Table 4 summarizes the calculated wavelength values:
Table 4 Cu2O Wavelength Peaks (Tauc Plot Method)
Cu2O Thin Films
Wavelength (Tauc)
Temperature
Air
Room Temperature

O2

N2

480 nm

1000 C

490 nm

486 nm

488 nm

2000 C

502 nm

490 nm

500 nm

3000 C

548 nm

541 nm

544 nm

4000 C

561 nm

558 nm

571 nm

The Tauc plot for the absorption coefficient for CuO is shown in the figures below from room temperature
to 4000C:
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Figure 21 CuO Thin Films Optical Bandgap (Room Temperature)

Figure 22 CuO Thin Films Optical Bandgap (Annealed at 1000C)
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Figure 23 CuO Thin Films Optical Bandgap (Annealed at 2000C)

Figure 24 CuO Thin Films Optical Bandgap (Annealed at 3000C)
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Figure 25 CuO Thin Films Optical Bandgap (Annealed at 4000C)
The optical bandgap for the CuO thin film at room temperature was 2.19 eV. For the films annealed at
4000C the curve for the film deposited in oxygen (O2) almost overlaps the film deposited in nitrogen and as
a result, no significant difference was observed in the optical bandgap. The bandgap for the film annealed
in air was 2.05 eV. Similarly with Cu2O, rearranging the bandgap energy formula, the associated
wavelengths were calculated: 566 nm (RT) and 605 nm (Air, 4000C).
The bandgap values are tabulated in Table 5:
Table 5 CuO Thin Films Optical Bandgap Values (Tauc Plot Method)
CuO Thin Films
Optical Bandgap (Tauc)
Temperature
Air
O2
N2
Room Temperature
2.19 eV
0
100 C
2.12 eV 2.16 eV
2.17 eV
2000 C

2.09 eV

2.13 eV

2.10 eV

0

2.08 eV

2.11 eV

2.09 eV

0

2.05 eV

2.09 eV

2.08 eV

300 C
400 C
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Using equation (4) the wavelength was calculated from the bandgap energy determined using the Tauc plot
method.
Table 6 summarizes the calculated wavelength values:
Table 6 CuO Wavelength Peaks (Tauc Plot Method)
CuO Thin Films
Wavelength (Tauc)
Temperature
Air
Room Temperature

O2

N2

566 nm

1000 C

585 nm

574 nm

571 nm

2000 C

593 nm

582 nm

590 nm

3000 C

596 nm

588 nm

593 nm

4000 C

605 nm

593 nm

596 nm

Energy Bandgap and Wavelength (Photoluminescence)
The photoluminescence measurements for the Cu2O thin films are shown in the figures below (from room
temperature to 4000C) [24]:
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Figure 26 PL Spectra of Cu2O Thin Films (Room Temperature)

Figure 27 PL Spectra of Cu2O Thin Films (Annealed at 1000C)
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Figure 28 PL Spectra of Cu2O Thin Films (Annealed at 2000C)

Figure 29 PL Spectra of Cu2O Thin Films (Annealed at 3000C)
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Figure 30 PL Spectra of Cu2O Thin Films (Annealed at 4000C)
Using the spectrometer software, the following specs were adjusted: integration time of 400 ms and
reference spectrum stored as a background spectrum. The PL peaks results observed are shown in Table 7
[24]:
Table 7 Cu2O Thin Films Wavelength Peaks (PL Method)
Cu2O Thin Films
Wavelength (PL)
Temperature
Air
O2
N2
Room
484 nm
0
100 C
494 nm 490 nm 492 nm
2000 C
506 nm 494 nm 504 nm
0
300 C
553 nm 546 nm 548 nm
0
400 C
564 nm 563 nm 578 nm

The effects of the annealing temperature were noticeable and overall, there was shift from a lower spectrum
peak (484 nm) for the thin film created in air, to 492 nm at 1000C and all the way to 578 nm at 4000C for
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the film annealed in nitrogen (N2). If the annealing temperature is increased even higher than 4000C, an
even higher PL peak for the Cu2O thin films can be achieved, which will transition the output spectrum to
upper visible and even infrared. The increase in the annealing temperature induces the formation of a more
hard packed structure. The sharper peaks obtained for the thin films annealed at 4000C indicate a higher
uniformity of the composition and strain [24]. Using the bandgap energy formula and the measured PL
peaks the associated energy values were calculated: 2.56 eV (RT) and 2.15 eV (N2, 4000C).
The results are similar with other investigations of similar types of films (300 nm to 700 nm range) [36,
37]. The difference between the three types of films were the following: annealed in air and in oxygen (O2)
produced the lower intensity peaks (orange and blue colors) and the films annealed in nitrogen (N2)
produced a higher intensity peak (gray color) at almost the same wavelengths. The PL emission peaks are
attributed to the recombination of the phonon-assisted excitons in the Cu2O layer. It corresponds to the
transition between 3Γ5+ valence band to 2Γ7+ conduction band in Cu2O crystals [24, 38].
Raebiger et al. [37] calculations on Cu2O shows that the intrinsically copper-deficient nature is due to
formation of copper vacancies (VCu). These copper vacancies would act as a shallow and efficient hole
producers. The Cu2O is intrinsically p-type because the oxygen vacancies (VO) which are potential hole
destroyers have no transition level in the gap and thus cannot annihilate holes. The other possible hole
destroyer copper interstitials (Cui) has high formation energy associated with deep transition level and
would thus, be incapable to destroy holes efficiently created by VCu [24, 33].
Rearranging equation (4) will allow for the calculation of the bandgap energy from the PL peaks measured.
𝑐

𝐸𝑏𝑎𝑛𝑑𝑔𝑎𝑝 = ℎ ∙ 𝜈 = ℎ ∙ 𝜆

(5)

where h = Planck’s constant = 4.135x10-15 eV∙s, c = speed of light in vacuum = 3x108 m/s, and λ =
wavelength.
41

Table 8 summarizes the calculated bandgap energy values:
Table 8 Cu2O Thin Films Optical Bandgap Values (PL Method)
Cu2O Thin Films
Optical Bandgap (PL)
Temperature
Air

O2

N2

Room
2.56 eV
Temperature
1000 C

2.51 eV

2.53 eV

2.52 eV

2000 C

2.45 eV

2.51 eV

2.46 eV

3000 C

2.24 eV

2.27 eV

2.26 eV

4000 C

2.19 eV

2.20 eV

2.15 eV

Photoconductivity and deep level transient spectroscopy studies shows the presence of holes laying between
0.45 eV and 0.55 eV above the top of the valence band. These are due to Cu vacancies and as a result, the
PL spectra of Cu2O films shows free excitons and bound excitons in the region between 450 to 650 nm in
the visible spectrum [40].
Dolai et al. [40] observed PL peaks located at 551 nm (2.25 eV) and 543 nm (2.28 eV). These peaks were
assigned to VCu [40].
The photoluminescence measurements for the CuO thin films were recorded and their results are shown in
the figures below (from room temperature to 4000C):
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Figure 31 PL Spectra of CuO Thin Film (Room Temperature)

Figure 32 PL Spectra of CuO Thin Films (Annealed at 1000C)
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Figure 33 PL Spectra of CuO Thin Films (Annealed at 2000C)
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Figure 34 PL Spectra of CuO Thin Films (Annealed at 3000C)

Figure 35 PL Spectra of CuO Thin Films (Annealed at 4000C)
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Using the spectrometer software, the following specs were adjusted: integration time of 400 ms and
reference spectrum stored as a background spectrum. The PL peaks results observed are shown in Table 9:
Table 9 CuO Thin Films Wavelength Peaks (PL Method)
CuO Thin Films
Wavelength (PL)
Temperature
Air
O2
N2
Room Temperature
568 nm
0
100 C
587 nm 576 nm 572 nm
2000 C
595 nm 585 nm 593 nm
0
300 C
598 nm 590 nm 595 nm
0
400 C
607 nm 595 nm 598 nm

Using equation (5) will allow the calculation of the bandgap energies from the PL peaks. Table 10
summarizes the calculated bandgap energy values:
Table 10 CuO Thin Films Optical Bandgap Values (PL Method)
CuO Thin Films
Optical Bandgap (PL)
Temperature
Air
Room Temperature

O2

N2

2.18 eV

1000 C

2.11 eV

2.15 eV

2.16 eV

2000 C

2.08 eV

2.11 eV

2.09 eV

3000 C

2.07 eV

2.10 eV

2.08 eV

4000 C

2.04 eV

2.08 eV

2.07 eV

The CuO thin films showed a shift from a lower spectrum peak (566 nm) for the thin film created in air, to
587 nm at 1000C and all the way to 605 nm at 4000C for the film annealed in air. The thin film annealed in
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nitrogen (N2) at 4000C created a peak at 598 nm. Using the bandgap energy formula and the measured PL
peaks, the associated energy values were calculated: 2.18 eV (RT) and 2.04 eV (Air, 4000C). If the
annealing temperature is increased even higher than 4000C, an even higher PL peak for the CuO thin films
can be achieved, which will transition the output spectrum to upper visible and even infrared [24]. However,
the increase in annealing temperature will require upgrading the thin films substrate from glass to a metal
due to the fact that the annealing temperature for a microscope glass slide is 545 0C and its softening
temperature is 7240C (according to the microscope slides manufacturer). This change will also affect the
budget for the experiment due to the price differences between the different substrates. The increase in the
annealing temperature induces the formation of a more hard packed structure, and the sharper peaks
obtained for the thin films annealed at 4000C indicate a higher uniformity of the composition and strain
[24].
Because of the nitrogen (N2) impact for the Cu2O films the results for the optical bandgaps and the
associated wavelengths were compared in the table below.
Table 11 Room Temperature vs. 4000C (N2) Cu2O Optical Bandgap and Wavelength Comparison
Cu2O Thin Films
Optical Bandgap
Tauc
PL
Room Temperature
0

400 C (N2)

Wavelength
Tauc
PL

2.58 eV

2.56 eV

480 nm

484 nm

2.17 eV

2.15 eV

571 nm

578 nm

Similarly, for the CuO films the impact of air at room temperature and at 4000C on the results were
compared and displayed in the table below.
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Table 12 Room Temperature vs 4000C (Air) CuO Optical Bandgap and Wavelength Comparison
CuO Thin Films
Optical Bandgap
Tauc
PL
Room Temperature
0

400 C (Air)

Wavelength
Tauc
PL

2.19 eV

2.18 eV

566 nm

568 nm

2.05 eV

2.04 eV

605 nm

607 nm

In comparison between the Tauc plot method and the PL measurements, for both types of films (Cu2O and
CuO) a shift towards the higher wavelength (lower optical bandgap energy) is observed. The shift is
observed due to the red shift in wavelength in PL because of the presence of trap state in which non-radiative
decay of the photon occurs. The red shift in PL means an increase in wavelength which indicates a decrease
in energy. The shift was higher for the Cu2O in comparison with the CuO films.

Reflectance
Reflectance is the ratio of energy reflected to the total energy incident on a body, expressed in percentage.
The absorbance was calculated from transmittance using the following formula (Eq. 6) [41]:
𝐴 = 2 − log(𝑇%)

(6)

The reflectance was determined using the transmittance and the absorbance from the following formula at
normal incidence (Eq. 7) [42]:
𝑅+𝑇+𝐴 = 1
𝑅 = 1−𝑇−𝐴

(7)

where T = transmittance, A = absorbance.
The reflectance results for the Cu2O thin films are shown in the in the figures below (from room temperature
to 4000C):
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Figure 36 Reflectance for Cu2O at Room Temperature

Figure 37 Reflectance for Cu2O Annealed at 1000C
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Figure 38 Reflectance for Cu2O Annealed at 2000C

Figure 39 Reflectance for Cu2O Annealed at 3000C
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Figure 40 Reflectance for Cu2O Annealed at 4000C
The reflectance results for the CuO thin films are shown in the in the figures below (from room temperature
to 4000C):
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Figure 41 Reflectance for CuO at Room Temperature

Figure 42 Reflectance for CuO Annealed at 1000C
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Figure 43 Reflectance for CuO Annealed at 2000C

Figure 44 Reflectance for CuO Annealed at 3000C
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Figure 45 Reflectance for CuO Annealed at 4000C
The reflectance results for both types of films (Cu2O and CuO) were compared for the associated medium
that had the greatest impact and displayed in the graphs below.
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Figure 46 Room Temperature vs. 4000C (N2) Cu2O Reflectance

Figure 47 Room Temperature vs. 4000C (Air) CuO Reflectance
For both types of films, the overall reflectance was below 20% that makes them a good candidate for
photovoltaic applications. The reflectance started between 400 nm to 600 nm for the Cu 2O and 450 nm to
530 nm for the CuO films (as a function of annealing temperature). In addition, the maximum reflectance
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occurred at different wavelengths as a function of film and temperature. The Cu2O films maximum
reflectance was shifted from 545 nm at room temperature to 774 nm for the higher annealing temperature.
The CuO films maximum reflectance was shifted from 616 nm at room temperature to 687 nm for the
higher annealing temperature. The shift was larger for Cu2O in comparison with CuO films.
Table 13 Reflectance for Cu2O Films
Cu2O Thin Films

Room Temperature
4000 C (N2)

800 nm

Rmax

R
12.86%
19.88%

λ
545 nm
774 nm

Table 14 Reflectance for CuO Films
CuO Thin Films
800 nm
Room Temperature
0

400 C (Air)

Rmax

R

λ

9.14%

616 nm

14.63%

687 nm

Refractive Index and Extinction Coefficient
Refractive index is the most critical optical constant of a semiconductor and its relationship with the
wavelength of incident light is known as dispersion. An electromagnetic wave while traversing through a
lossy medium experiences attenuation. In such a case, the refractive index is expressed as: n=n+ ik, a
complex function of wavelength with n and k being the real and imaginary refractive index. k is also called
the extinction coefficient as it indicates the total optical loss caused by transmittance and scattering. The
real component of the refractive index can be calculated as a function of reflectance and extinction
coefficient and the imaginary component can be calculated as a function of absorption coefficient and the
wavelength.
56

The refractive index and the extinction coefficient for both Cu2O and CuO thin films were calculated using
the following formulas (Eq. 8 & 9) [43]:
1+𝑅

4𝑅

𝑛 = (1−𝑅) + √((1−𝑅)2 − 𝑘 2 )

(8)

where R = reflectance, and k = extinction coefficient.
𝑘=

𝛼𝜆 𝜆
4𝜋

(9)

where αλ = absorption coefficient, λ = wavelength.
The results for the refractive index and the extinction coefficient for the Cu 2O thin films are shown in the
in the figures below (from room temperature to 4000C):

Figure 48 Refractive Index and Extinction Coefficient for Cu2O at Room Temperature
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Figure 49 Refractive Index and Extinction Coefficient for Cu2O Annealed at 1000C

Figure 50 Refractive Index and Extinction Coefficient for Cu2O Annealed at 2000C
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Figure 51 Refractive Index and Extinction Coefficient for Cu2O Annealed at 3000C
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Figure 52 Refractive Index and Extinction Coefficient for Cu2O Annealed at 4000C
For Cu2O, at room temperature there was almost no reflection between 400 nm to 500 nm (due to high
absorption). The refractive index varied between 2.38 (at 500 nm) to 2.11 (at 800 nm). The extinction
coefficient decreased from 0.0039 to 0.00095. Both the refractive index and the extinction coefficient
decreased. However, at 4000C in N2 the minimum reflection range was from 400 to 650 nm. The refractive
index varied between 2.08 (at 650 nm) to 2.61 (at 800 nm). The extinction coefficient decreased from
0.0025 to 0.0022. The refractive index increased and the extinction coefficient decreased.
The results for the refractive index and the extinction coefficient for the CuO thin films are shown in the in
the figures below (from room temperature to 4000C):
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Figure 53 Refractive Index and Extinction Coefficient for CuO at Room Temperature

Figure 54 Refractive Index and Extinction Coefficient for CuO Annealed at 1000C
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Figure 55 Refractive Index and Extinction Coefficient for CuO Annealed at 2000C
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Figure 56 Refractive Index and Extinction Coefficient for CuO Annealed at 3000C
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Figure 57 Refractive Index and Extinction Coefficient for CuO Annealed at 4000C
For CuO, at room temperature there was almost no reflection between 400 nm to 500 nm (due to high
absorption). The refractive index varied between 2.00 (at 500 nm) to 1.87 (at 800 nm). The extinction
coefficient decreased from 0.0031 to 0.00061. Both, the refractive index and the extinction coefficient
decreased. However, at 4000C in air the minimum reflection range was from 400 to 600 nm. The refractive
index varied between 2.35 (at 600 nm) to 2.24 (at 800 nm). The extinction coefficient decreased from
0.0039 to 0.0031. Both the refractive index and the extinction coefficient decreased.
Overall, for both Cu2O and CuO thin films, there was a decrease in both the refractive index and the
extinction coefficient with the increase of the wavelength due to the normal dispersion behavior of the
semiconductor. In addition, there was an increase in both the refractive index and the extinction coefficient
with respect to the increase in the annealing temperature. The results are displayed in the table below.
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Table 15 Refractive Index and Extinction Coefficient for Cu2O Films
Cu2O Thin Films

Room Temperature
4000 C (N2)

800 nm
n
k
2.11 0.00095
2.61

0.0022

Table 16 Refractive Index and Extinction Coefficient for CuO Films
CuO Thin Films

Room Temperature
4000 C (Air)

800 nm
n
k
1.87 0.00061
2.24

0.0031

The extinction coefficient for the Cu2O at 800 nm matches the results obtained by Kumar et.al. which was
0.0023 [44].

Optical Conductivity and Absorbance
The index of refraction was used to compute the optical conductivity using the following formula (Eq. 10)
[45]:
𝜎 = 𝛼𝜆 𝑛𝑐/4𝜋

(10)

where c = 3 x 108 m/s speed of light in vacuum.
Optical conductivity and absorbance were graphed as a function of photon energy.
The results for the optical conductivity for the Cu2O thin films are shown in the in the figures below (from
room temperature to 4000C):
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Figure 58 Optical Conductivity and Absorbance for Cu2O at Room Temperature

Figure 59 Optical Conductivity and Absorbance for Cu2O Annealed at 1000C

66

Figure 60 Optical Conductivity and Absorbance for Cu2O Annealed at 2000C

Figure 61 Optical Conductivity and Absorbance for Cu2O Annealed at 3000C
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Figure 62 Optical Conductivity and Absorbance for Cu2O Annealed at 4000C
For Cu2O, at room temperature the optical conductivity decreased from 3.62 x 1012 (2.48 eV, 500 nm) to
7.56 x 1011 (1.55 eV, 800 nm) and the absorbance decreased from 55.35% (2.48 eV, 500 nm) to 12.98%
(1.55 eV, 800 nm). At 4000C in N2 the optical conductivity decreased from 3.75 x 1012 (1.91 eV, 650 nm)
to 2.16 x 1012 (1.55 eV, 800 nm) and the absorbance decreased from 65.63% (1.91 eV, 650 nm) to 30.05%
(1.55 eV, 800 nm).
The results for the optical conductivity for the CuO thin films are shown in the in the figures below (from
room temperature to 4000C):
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Figure 63 Optical Conductivity and Absorbance for CuO at Room Temperature

Figure 64 Optical Conductivity and Absorbance for CuO Annealed at 1000C
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Figure 65 Optical Conductivity and Absorbance for CuO Annealed at 2000C

Figure 66 Optical Conductivity and Absorbance for CuO Annealed at 3000C
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Figure 67 Optical Conductivity and Absorbance for CuO Annealed at 4000C
For CuO, at room temperature the optical conductivity decreased from 3.74 x 1012 (2.48 eV, 500 nm) to
4.28 x 1011 (1.55 eV, 800 nm) and the absorbance decreased from 67.93% (2.48 eV, 500 nm) to 8.35%
(1.55 eV, 800 nm). At 400 0C in air the optical conductivity decreased from 3.66 x 1012 (2.07 eV, 600 nm)
to 9.67 x 1011 (1.55 eV, 800 nm) and the absorbance decreased from 56.76% (2.07 eV, 600 nm) to 15.70%
(1.55 eV, 800 nm).
For all the films, a direct proportional relationship was noticed between the optical conductivity and the
absorbance. This was most noticeable at higher photon energy, where both the conductivity and absorbance
were increased as well due to an improvement in electron movement. In addition, another aspect was
observed where there was a difference between the films deposited at room temperature and the highest
annealing temperature (4000C). The conductivity and absorbance were higher with the increase in the
temperature. The increase in the refractive index and also in the absorption coefficient contribute to the
increase of the optical conductivity.
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Table 17 Absorbance and Optical Conductivity for Cu2O Films
Cu2O Thin Films
800 nm
Room Temperature

A
12.98%

σ
7.56 x 1011

4000 C (N2)

30.05%

2.16 x 1012

Table 18 Absorbance and Optical Conductivity for CuO Films
CuO Thin Films
800 nm
A
σ
Room Temperature 8.35% 4.28 x 1011
4000 C (Air)

15.70%

9.67 x 1011

It was observed that the absorbance was increased with the increase in the annealing temperature of the thin
film which is due to the change in the thin film structure. These results match the literature results as well
[44].

Dielectric Constants
The electronic transition seen in semiconductor thin films is related to the wavelength dependent complex
dielectric constant. Both components (real and imaginary) are dependent on the refractive index and the
extinction coefficient. Physically, the real part of the dielectric constant is related to the slowing down of
speed of light in the medium, whereas the imaginary part of the dielectric constant can be correlated with
the interaction of matter with the electric field vector, thus causing the absorption of light. It is observed
that the variation of the real part of the dielectric constant is governed by the variation in the refractive
index, whereas the imaginary part of the dielectric constant is by variation in the extinction coefficient.
The dielectric constants, both real (εr) and imaginary (εi) were calculated using the equations (11) through
(13) [46]:
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𝜀 = 𝜀𝑟 + 𝑖𝜀𝑖

(11)

𝜀𝑟 = 𝑛2 − 𝑘 2

(12)

𝜀𝑖 = 2𝑛𝑘

(13)

where n = refractive index, k = extinction coefficient.
The results for the dielectric constants, real (εr) and imaginary (εi), for the Cu2O thin films are shown in the
figures below (from room temperature to 4000C):

Figure 68 Dielectric Constants (Real (εr) and Imaginary (εi)) for Cu2O at Room Temperature
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Figure 69 Dielectric Constants (Real (εr) and Imaginary (εi)) for Cu2O Annealed at 1000C

Figure 70 Dielectric Constants (Real (εr) and Imaginary (εi)) for Cu2O Annealed at 2000C
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Figure 71 Dielectric Constants (Real (εr) and Imaginary (εi)) for Cu2O Annealed at 3000C

Figure 72 Dielectric Constants (Real (εr) and Imaginary (εi)) for Cu2O Annealed at 4000C
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For Cu2O, at room temperature between 500 to 800 nm the real dielectric component varied between 5.67
to 4.49, and the imaginary component varied between 0.012 to 0.004. At 4000C in N2 between 650 to 800
nm the real dielectric component varied between 4.33 to 6.81, and the imaginary component varied between
0.016 to 0.011.
The results for the dielectric constants, real (εr) and imaginary (εi), for the CuO thin films are shown in the
in the figures below (from room temperature to 4000C):

Figure 73 Dielectric Constants (Real (εr) and Imaginary (εi)) for CuO at Room Temperature
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Figure 74 Dielectric Constants (Real (εr) and Imaginary (εi)) for CuO Annealed at 1000C

Figure 75 Dielectric Constants (Real (εr) and Imaginary (εi)) for CuO Annealed at 2000C
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Figure 76 Dielectric Constants (Real (εr) and Imaginary (εi)) for CuO Annealed at 3000C

Figure 77 Dielectric Constants (Real (εr) and Imaginary (εi)) for CuO Annealed at 4000C
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For CuO, at room temperature between 500 to 800 nm the real dielectric component varied between 4.00
to 3.48, and the imaginary component varied between 0.012 to 0.002. At 4000C in air between 600 to 800
nm the real dielectric component varied between 5.50 to 5.02, and the imaginary component varied between
0.015 to 0.005.
As a function of wavelength, the deviation of dielectric constants (both real and imaginary) is following the
same outline with respect of room temperature versus the high annealing temperature. The real components
are showing an increase with the increase in the annealing temperature, while there is almost no change in
the imaginary component with respect to temperature. In addition, it was observed that the values for the
real dielectric constants are much higher than the imaginary dielectric constants.
Table 19 Real and Imaginary Dielectric Constants for Cu2O Films
Cu2O Thin Films
800 nm
Room Temperature
4000 C (N2)

εr
4.49
6.81

εi
0.004
0.011

Table 20 Real and Imaginary Dielectric Constants for CuO Films
CuO Thin Films
800 nm
εr

εi

Room Temperature

3.48

0.002

4000 C (Air)

5.02

0.005

The results for the dielectric constants are in agreement with the literature and they are increasing with the
increase in annealing temperature [47].
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X-Ray Diffraction
The x-ray diffraction results for the Cu2O thin film at room temperature and annealed at 4000C are shown
in the figure below.

Figure 78 XRD Pattern of Cu2O Films
The peaks observed from the XRD pattern in the Cu2O thin films confirm the polycrystalline structure of
the material. The Cu2O film at room temperature measurement indicates one main peak at 2θ = 35.930. This
value can be associated to the reflection of the Cu2O phase and matches the angle according to the literature
with a reflection at 2θ = 36.20. [48, 49]
The Cu2O film annealed at 4000C measurement shows two peaks at 2θ = 35.480 and at 2θ = 38.530 which
are corresponding to the CuO phases. This can be an indication of the Cu2O conversion to CuO at high
annealing temperature in the presence of oxygen. These values can be associated to the (-111) and (111)
reflection of the CuO phase and match the angles according to the literature with two reflections at 2θ =
35.60 and at 2θ = 38.80 in the diffraction pattern. [50, 51]
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The x-ray diffraction results for the CuO thin film at room temperature and annealed at 400 0C are shown
in the figure below.

Figure 79 XRD Pattern of CuO Films
The XRD pattern of the CuO thin films shows the crystalline structure of the material. The CuO film at
room temperature measurement indicates two main peaks at 2θ = 35.530 and at 2θ = 38.530. The CuO film
annealed at 4000C measurement shows slightly shifted two peaks at 2θ = 35.680 and at 2θ = 38.980. These
values can be associated to the (-111) and (111) reflection of the CuO phase and match the angles according
to the literature with two reflections at 2θ = 35.60 and at 2θ = 38.80 in the diffraction pattern [50, 51]. There
is an increase in the peak sharpness in film annealed at 4000C in O2. This suggests an improvement in the
grain growth.
The results obtained from the x-ray diffraction indicate for both films that the crystallinity is increasing
with the increase in the annealing temperature. The Cu2O thin film shows a stronger intensity peak in
comparison with the CuO thin film.
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CHAPTER FIVE: CONCLUSION
Concluding Remarks
In this work, the optical properties of the Cu2O and CuO thin films were investigated. The optical bandgap
for Cu2O thin films varied between 2.58 eV (room temperature) to 2.17 eV (4000C in N2), and for CuO thin
films it varied between 2.19 eV (room temperature) to 2.05 eV (4000C in air). Both thin films show
promising capabilities for photovoltaic solar conversion applications. The optical bandgap varied as a
function of temperature and the gas introduced during the annealing process. The introduction of different
gases in the annealing chamber affected the quality and the optical properties of the Cu2O thin film. The
differences between the air and the oxygen (O2) were minor; however, the largest impact was created by
the introduction of the nitrogen (N2) gas in the annealing process. Similarly, for the CuO thin film the
differences between the oxygen (O2) and the nitrogen (N2) gas were minor and the largest effect was
observed by having the regular atmosphere (air) in the annealing chamber. The annealing temperature had
a severe impact on the films as well. The increase in annealing temperature created darker, more opaque
films (in the visible spectrum). The source of this energy can be in the infrared portion of the solar spectrum.
Current materials being utilized to manufacture photovoltaics, or solar panels, are becoming scarcer and
more expensive. One possible solution is to investigate other materials that could be used as replacements.
Through my research, I have studied cupric oxide (CuO) and cuprous oxide (Cu2O) as alternatives to be
used for solar cell applications. Both of these materials have the potential to create low-cost, all-oxide solar
cells, and their optical properties depend on the method of film preparation and deposition. Therefore, I
studied a specific method, RF sputtering, with annealing in various mediums to determine which
preparation resulted in the best optical properties for a solar panel. From my studies, I have found that Cu2O
annealed in nitrogen and CuO annealed in air are promising candidates for solar cell use. This means that
we can have more widespread, affordable solar energy use for everyone in the near future.
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Future Directions
One of the possible choices for the future directions in applications of Cu2O and CuO is to find a suitable
band alignment material, with wide bandgap n-type metal oxide semiconductors, like zinc oxide (ZnO) or
titanium dioxide (TiO2). Both materials have a bandgap around 3.2 to 3.35 eV. This will allow the creation
of reasonable, efficient heterojunction solar cells.
Another future direction will be to try to increase the annealing temperature for both films even further, in
order to confirm the probability of decreasing the energy bandgap even further than the current research.
However, this will require upgrading the thin films substrate due to limitations of the glass. The annealing
temperature for a microscope glass slide is 5450C and its softening temperature is 7240C (according to the
microscope slides manufacturer). A possible replacement candidate will be a quartz substrate (SiO2).
Lastly, the incorporation of nitrogen during the CuO thin film deposition could be pursued as well. From
the literature review, the inclusion of nitrogen will disturb Cu-O bonds and increase oxygen related defects.
This will create CuON thin films and the same methodology (as this research) can be applied to study the
effect of annealing in different reactive/inert mediums as well.
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